A complete understanding of evolutionary processes requires that factors determining spontaneous mutation rates and spectra be identified and characterized. Using mutation accumulation followed by whole-genome sequencing, we found that the mutation rates of three widely diverged commensal Escherichia coli strains differ only by about 50%, suggesting that a rate of 1-2 × 10 −3 mutations per generation per genome is common for this bacterium. Four major forces are postulated to contribute to spontaneous mutations: intrinsic DNA polymerase errors, endogenously induced DNA damage, DNA damage caused by exogenous agents, and the activities of error-prone polymerases. To determine the relative importance of these factors, we studied 11 strains, each defective for a major DNA repair pathway. The striking result was that only loss of the ability to prevent or repair oxidative DNA damage significantly impacted mutation rates or spectra. These results suggest that, with the exception of oxidative damage, endogenously induced DNA damage does not perturb the overall accuracy of DNA replication in normally growing cells and that repair pathways may exist primarily to defend against exogenously induced DNA damage. The thousands of mutations caused by oxidative damage recovered across the entire genome revealed strong local-sequence biases of these mutations. Specifically, we found that the identity of the 3′ base can affect the mutability of a purine by oxidative damage by as much as eightfold.
A complete understanding of evolutionary processes requires that factors determining spontaneous mutation rates and spectra be identified and characterized. Using mutation accumulation followed by whole-genome sequencing, we found that the mutation rates of three widely diverged commensal Escherichia coli strains differ only by about 50%, suggesting that a rate of 1-2 × 10 −3 mutations per generation per genome is common for this bacterium. Four major forces are postulated to contribute to spontaneous mutations: intrinsic DNA polymerase errors, endogenously induced DNA damage, DNA damage caused by exogenous agents, and the activities of error-prone polymerases. To determine the relative importance of these factors, we studied 11 strains, each defective for a major DNA repair pathway. The striking result was that only loss of the ability to prevent or repair oxidative DNA damage significantly impacted mutation rates or spectra. These results suggest that, with the exception of oxidative damage, endogenously induced DNA damage does not perturb the overall accuracy of DNA replication in normally growing cells and that repair pathways may exist primarily to defend against exogenously induced DNA damage. The thousands of mutations caused by oxidative damage recovered across the entire genome revealed strong local-sequence biases of these mutations. Specifically, we found that the identity of the 3′ base can affect the mutability of a purine by oxidative damage by as much as eightfold.
mutation rate | mutation accumulation | evolution | DNA repair | oxidative DNA damage A complete understanding of the evolution and stability of the genome requires that the determinants of spontaneous mutation be identified and characterized. Among the variety of mistakes that can occur during DNA transactions, four sources of sequence variation appear to dominate in prokaryotes: intrinsic DNA polymerase errors, endogenously induced DNA damage, DNA damage induced by exogenous agents, and the activities of error-prone polymerases. This conclusion is based on changes in the rates and spectra of mutations that occur when genes affecting these processes are deleted or amplified. In particular, loss of a DNA repair pathway often gives a mutator phenotype, indicating that the pathway of interest exerts an important limitation on spontaneous mutation (1) . However, investigations of the mutagenic impact of various DNA repair pathways have relied almost exclusively on reporter genes, leaving open the possibility that the results are biased by the particular features of the selected loci. This concern can be avoided by allowing mutations to accumulate nonselectively in DNA repair-defective strains and identifying the resulting sequence changes by whole-genome sequencing (WGS). Although this approach may miss rare but interesting mutational processes, it can reveal the overall threats to genomic stability and identify features, such as local sequence context, that influence mutational frequencies. Surprisingly, this technique has been used with the eukaryote Caenorhabditis elegans (2) but has not been extensively applied to prokaryotes.
The mutation accumulation (MA) protocol involves establishing multiple clonal populations from a single founder and then repeatedly passing the lines through single-individual bottlenecks (3, 4) , which in bacteria is achieved easily by streaking for single colonies on agar medium. This procedure allows mutations to accumulate in an unbiased manner with a minimum of selective pressure. After a sufficient number of generations have occurred, the genomes are sequenced, and mutations are identified. Using this technique, we recently determined the intrinsic mutation rates and mutational spectra of repair-proficient strains of Escherichia coli and Bacillus subtilis and documented the mutational impact of the loss of the major error-correcting system, mismatch repair (MMR) (5) (6) (7) . In the studies reported here we concentrate on E. coli, first asking if other commensal strains of E. coli have the same mutation rate and spectrum as our K12 strain and whether changing the growth medium influences mutation. Then we determined the mutational effects of the loss of several important DNA repair pathways. Our major conclusion is that, under the conditions of our experiments, mutation rates and spectra are nearly impervious to the loss of DNA repair functions except for those that deal with oxidative DNA damage. We also show that the mutagenicity of a major oxidative lesion, 7,8-dihydro-8-oxoguanine (8-oxoG), is highly dependent on the local sequence context.
Results and Discussion
Mutation Rates, Spectra, and Biases of Wild-Type E. coli Strains. Although E. coli has been a model organism for decades, estimates of its spontaneous mutation rate vary by more than an order of magnitude (ref. 8 and the references therein). In a previous study
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using MA/WGS, we found that the rate of spontaneous base-pair substitutions (BPSs) of E. coli K12 was 2 × 10 −10 mutations per nucleotide per generation (5), about a third of the rate expected based on results with reporter loci (9) . One goal of the current study was to determine if this mutation rate pertains only to K12 or is characteristic of other E. coli strains. Thus, we performed MA/WGS with two relatively recently isolated human commensal E. coli strains, ED1a and IAI1, that are diverged from E. coli K12 (10) .
The results for BPSs from all the MA/WGS experiments reported here are summarized in Table 1 . The BPS rates in ED1a and IAI1 did not differ significantly from each other but were each ∼50% higher than that of our wild-type K12 strain, PFM2. Although these differences are significant (t = 4.6, 4.4, df = 22, 20, P = 1 × 10 −4 and 3 × 10 −4 for ED1a and IAI1, respectively), the rates nonetheless are within the same order of magnitude. We also determined that the mutation rate of PFM2 when cultured on minimal glucose medium was nearly the same as when it was cultured on LB medium, which supplies mainly peptides as carbon and nitrogen sources ( Table 1) .
The spectra of the types of BPSs were comparable among the three strains (Tables 2 and 3 ). Fig. 1A shows the conditional mutation rates, i.e., the rates of each type of BPS relative to the numbers of A:T or G:C base pairs in each genome. Because the mutation rates differ among the strains, it is more informative to look at the fractions of each type of BPS, again normalized to the number of A:T or G:C base pairs (Fig. 1B) . The BPS spectra of all three strains were dominated by transitions, particularly G:C to A:T transitions, which is the expected spectrum based upon previous locus-specific and genome-wide experiments (8) .
In all three strains the ratio of BPSs in coding versus noncoding DNA was almost half of that expected from the ratio of coding versus noncoding DNA in the genomes (Table S1) . Indeed, 1,000 Monte Carlo simulations for each strain did not yield a ratio of BPSs in coding versus noncoding DNA as small as the observed ratio. This result does not reflect selection against mutations in coding DNA; for each strain the ratio of nonsynonymous to synonymous mutations did not differ significantly from the ratio obtained from simulations (Table S1 ). In our previous study we showed that the bias against coding DNA disappeared when MMR was defective, indicating that MMR preferentially repairs coding sequences (5) .
The frequency of mutations in PFM2 grown on LB is biased by neighboring nucleotides; in particular, transitions at A:T base pairs in the context 5′ApC3′/3′TpG5′ occur twice as often as would be expected from the frequency of this dimer in the genome (5) . (Here and throughout this paper the mutated base is underlined and in bold-face type.) Both ED1a and IAI1 also showed this bias, but for IAI1 the bias was not significant at the P ≤ 0.05 level (Table S2 ). All three strains growing on LB also showed a strong DNA strand bias: G:C to A:T transitions were twice as likely to occur with C templating the lagging strand and G templating the leading strand rather than vice-versa (Table S3 ) (5) . Interestingly, culturing PFM2 on minimal glucose medium eliminated the sequence bias and diminished the strand bias (Tables S2 and S3). DNA cytosine methyltransferase (Dcm) transfers a methyl group to the 5 position of the internal Cs in CCWGG sequences; because 5-meC is prone to deamination, creating T, CCWGG sequences are hotspots for G:C to A:T transitions (11). Our results reproduce this finding for PFM2 (cultured in LB and in minimal medium) and ED1a but not IAI1. In all three genomes 2% of the total G:C base pairs occur at the internal position of CCWGG sites, but these base pairs accounted for 14% (12/86) of the G:C transitions when PFM2 was grown on LB, 6% (8/128) when PFM2 was grown on minimal medium, and 6% (12/194) in ED1a; these values are significantly greater than expected (χ 2 = 53; P ∼ 0; χ 2 = 9, P = 0.003; and χ 2 = 15, P = 0.0001, respectively). However, in IAI1 only 4% (6/162) of the G:C transitions occurred at CCWGG sites, a value not significantly different from that expected (χ 2 = 1.4, P = 0.24). DNA adenine methyltransferase (Dam) transfers a methyl group to the 6 position of As in GATC sequences; GATC sequences are hotspots for A:T transversions (5), presumably because 6-meA depurinates, and depurinated sites produce transversions (12) . In all three genomes 3% of the total A:T base pairs occur in GATC sites, but these base pairs accounted for 24% (12/62) of the A:T transversions when PFM2 was grown on LB, 10% (5/53) when PFM2 was cultured on minimal medium, and 16% (14/87) in IAI1; these values are significantly greater than expected (χ 2 = 43, P ∼ 0; χ 2 = 4, P = 0.05; and χ 2 = 39, P ∼ 0, respectively). However, there was no preference for A:T transversions . The mutation rate is the average of two PFM2 datasets; the number of generations per line is a weighted average of the two datasets; the 95% CL was derived from the sum of the variances of the BPS per line for the two datasets.
to occur at GATC sites in ED1a (3/71 observed, 2/71 expected, χ 2 = 0.02, P = 0.88).
That G:C base pairs in CCWGG sites were not significant hotspots in IAI1, and A:T base pairs in GATC sites were not significant hotspots in ED1a, but both were hotspots in PFM2, suggests that methylase activities among these strains differ even though both Dcm and Dam are encoded in all three genomes (www.kegg.jp/kegg/).
In almost all the experimental strains in this report small indels (≤4 bp) occurred at about 1/10th the rate as BPSs and more frequently were losses rather than gains of base pairs (Tables 4 and 5 ). As discovered many years ago (14) , indels occurred predominantly in mononucleotide runs. Growth on minimal glucose medium appeared to decrease the indel mutation rate, particularly of −1-bp events; however, because there were so few indels, few statistically significant conclusions can be drawn.
Transcription can impact mutation rates in several ways. Because ssDNA is exposed during transcription and is more vulnerable to damage than dsDNA, high rates of transcription can be mutagenic (15) . On the other hand, transcription-coupled repair (TCR), which is targeted to the transcribed DNA strand, should lower mutation rates in transcribed genes (16) . Head-on collisions between replication and transcription destabilize the replication machinery and can lead to mutations (17) . In our previous study of E. coli K12 strain PFM2, we found no evidence that transcription affected the frequency of mutations (5). This negative result was reproduced here with IAI1, ED1a, and PFM2 growing in minimal medium and with all the experimental strains. There was no statistically significant bias for mutations to occur in highly transcribed genes or in genes oriented so that transcription is in the direction opposite the direction of replication (even among highly transcribed genes), nor was there a bias for any specific base change to occur on the transcribed versus the nontranscribed strand (Tables  S4-S6) . Using different methods to analyze our published data, Chen et al. (18) found a small (17-30%) increase in mutation frequencies in highly expressed genes, but this increase was significant only in an MMR-defective strain.
Impact of DNA Repair Pathways on Spontaneous Mutations. A second goal of this study was to determine if, in normally growing cells, loss of a given DNA repair pathway would change the mutation rate or the mutational spectrum. If so, it could be concluded that the repair pathway in question is important in preventing the mutations that arise from DNA damage induced by endogenous activities or by ubiquitous exogenous agents. Our choice of which DNA repair pathways to investigate was based on previous reports that their loss had mutational consequences (discussed below).
Note that in this report we have not included two major mutation-avoidance pathways, proofreading during DNA replication and removal of uracil from the DNA. We previously reported the effects of inactivating the DNA MMR pathway (5, 6) . DNA polymerases. E. coli possesses three specialized DNA polymerases that are induced by DNA damage and other stresses. Two of these, DNA polymerase V (Pol V, encoded by the umuDC genes) and DNA polymerase IV (Pol IV, encoded by the dinB gene), are intrinsically error prone, whereas the third, DNA polymerase II (Pol II, encoded by the polB gene), is accurate (reviewed in ref. 19) . Although there are few (≤15) molecules of Pol V in uninduced cells, transient induction of Pol V during normal growth could be mutagenic (20) . Indeed, some reports have credited Pol V with a substantial role in spontaneous mutation (21-23), especially in stationary-phase cells (24) . In contrast to Pol V, Pol IV is abundant even in normally growing cells (∼250 molecules) and can be induced 10-to 30-fold by DNA damage and other stresses (25, 26) . Pol IV is required for stationary-phase or adaptive mutation (27, 28) and has a substantial role in producing mutations on the F´episome (29, 30) . However, in normally growing cells Pol IV contributes only 10%, at most, to spontaneous mutations on the chromosome (20, 29, 31) . Loss of polymerase II (Pol II) results in a mutator phenotype, but this phenotype is entirely dependent on Pol IV (27, 32, 33), probably because Pol IV is overexpressed if Pol II is deleted (26, 34) . The three specialized polymerases also have distinct mutational biases (20, 31, 35) . Thus, we expected that loss of these polymerases would result in a decrease in mutation rates and/or a shift in mutational spectra.
As shown in Fig. 2 and Table 3 , the loss of Pol IV and Pol V or of all three specialized polymerases did not significantly affect the rate or the spectra of BPSs with the exception of an 85% increase in G:C to T:A transversions in the umuDC dinB mutant strain (P = 0.03 based on simulations). Loss of the polymerases also did not significantly affect the rate or spectra of small indels (Table 5) . We conclude that in normally growing cells the specialized DNA polymerases do not contribute detectably to genomic mutations. Nucleotide excision repair and TCR. The nucleotide excision repair (NER) proteins recognize and initiate the repair of a variety of DNA lesions produced by exogenous and endogenous agents (36) as well as misincorporated ribonucleotides (37) . NER also can act gratuitously on undamaged DNA (38) . TCR preferentially targets NER to the transcribed strand during transcription (16) . Loss of NER has been reported to increase mutation rates by as much as sixfold, presumably because of error-prone translesion synthesis (22, 39) , and also to decrease mutation rates by about the same amount, presumably by eliminating errors made by DNA polymerase I (Pol I) during gap repair (40) .
The UvrA protein initiates the repair process by recognizing DNA damage and recruiting the other required Uvr proteins; thus, a deletion of the uvrA gene inactivates both NER and TCR. As shown in Fig. 2 and Table 3 , the rate of BPSs in the uvrA mutant strain did not differ significantly from that in the wildtype strain. The spectrum of BPSs in the uvrA mutant strain also was nearly the same as that in the wild-type strain, differing only by a 67% increase in G:C to T:A transversions and a 30% increase in A:T to G:C transitions (P = 0.03 and 0.05, respectively, based on simulations). As in the wild-type strain, the ratio of BPSs in coding versus noncoding DNA was nearly half that expected (243/73 observed, 269/47 expected; χ 2 = 7, P = 0.008) ( Table 2) ; thus, TCR does not contribute to the bias against mutations in coding DNA. Loss of UvrA did not result in a significant change either in the frequency at which any type of base change occurred on the transcribed strand (Table S4 ) or in the fraction of mutations in highly transcribed genes (Table S5) . Thus, we conclude that neither NER nor TCR contributes to the spontaneous BPS rate in normally growing cells. Alkylation damage repair. Two major pathways prevent the lethal and mutagenic consequences of the DNA damage produced by DNA alkylating agents (41) . The first pathway is initiated by E. coli's two 3-alkyladenine glycosylases, AlkA and Tag, which remove 3-alkylpurines from the DNA; AlkA also removes several additional alkylated bases. The resulting abasic sites are repaired by enzymes of the base-excision repair (BER) pathway (see below). The second pathway involves two alkyltransferases, Ada and Ogt, each of which remove the alkyl groups from O 6 -alkylguanine and O 4 -alkylthymine, restoring the bases to normality. Ada also is the transcriptional activator of the genes that encode itself, AlkA and AlkB; AlkB repairs alkylated bases in ssDNA. E. coli strains defective for Ada and Ogt have increased spontaneous mutation rates under starvation conditions (42) (43) (44) , mostly because of DNA alkylating agents produced by nitrosation of amino acids, peptides, and/or polyamines (42) .
In our MA/WGS experiment, deleting both alkA and tagA had little effect on the spontaneous mutation rate (Table 1) . Deleting both ada and ogt reduced the mutation rate by a nonsignificant 15% relative to the wild-type strain (t = 1.5, df = 18, P = 0.14) ( Table 1 ). The BPS spectra of both double-mutant strains were the same as that of the wild-type strain ( Fig. 2 and Table 3 ). Thus, under the conditions of our experiment during which cells do not experience prolonged starvation, endogenous DNA alkylation is, at most, a minor contributor to spontaneous mutation. However, DNA Pol IV may bypass endogenous alkyl lesions accurately, possibly mitigating the mutagenic consequence of loss of the alkylation repair enzymes (45) . BER. BER is a major defense against the lethal and mutagenic consequences of a variety of DNA lesions. It typically is initiated by a glycosylase that removes a specific type of damaged base, leaving an apurinic/apyrimidinic (AP) site. The activities of endo-and/or exonucleases then create a small gap that can be filled in by DNA Pol I. The mutagenic consequences of loss of BER have been documented by numerous previous reports; we chose to investigate the following three pathways that appear prominently in such reports.
Endonuclease III and endonuclease VIII. Endonuclease III (Nth) and endonuclease VIII (Nei) are glycosylases whose main targets are oxidatively damaged pyrimidines (46, 47) , although Nei can remove some oxidatively damaged purines, including 8-oxoG (48) . Both Nth and Nei possess lyase activity, cleaving the sugarphosphate backbone 3′ to the AP site; the sugar then must be removed by other enzymes to create a substrate for DNA Pol I (see below). Previous studies found that loss of either enzyme alone had only modest mutagenic effects, but loss of both was synergistic, particularly for G:C to A:T mutations, which were enhanced 40-fold in an nth nei double-mutant strain. These results established damaged cytosines as the major mutagenic lesions repaired by this pathway (49) .
The results of our MA/WGS experiment with a strain deleted for both nth and nei confirmed these results, although the mutational effects were more modest. Relative to the wild-type strain the overall BPS rate in the double-mutant strain was elevated fivefold (t = 10, df = 16, P = 2 × 10 −8 ), and the rate of G:C to A:T transitions was elevated 12-fold (t = 11, df = 12, P = 1 × 10 −7 ) (Fig. 3 and Table 3 ). The rate of G:C transversions also was increased twofold (P = 0.04, based on simulations), probably because of the occasional insertion of Gs and Ts opposite damaged cytosines by DNA polymerases, as previously observed (50) . G:C transitions were significantly biased by the local sequence context, occurring in the context 5′CpG3′/3′GpC5′ nearly twice as frequently as expected from the number of such dimer pairs in the genome (98 observed versus 53 expected; χ 2 = 23,
). In contrast, the context 5′CpT3′/3′GpA5′ was strongly disfavored (5 observed versus 36 expected; χ 2 = 26, P = 3 × 10
−7
). These biases suggest that a 3′ G potentiates a C to oxidative damage, whereas a 3′ T is protective. Alternatively, DNA polymerase may be more likely to insert an A opposite a damaged C or to extend from the A:C mispair if it has just made a strong G:C base pair rather than a weak T:A base pair. However, base-stacking must play a role, because 5′CpC3′/3′GpG5′ sequences were not hotspots, and 5′CpA3′/3′GpT5′ sequences were not coldspots. As with other strains with high levels of oxidationinduced mutations (see below), mutations in the nth nei doublemutant strain were not DNA-strand biased (Table S3) .
Exonuclease III and endonuclease IV. AP sites arise from the action of glycosylases, from spontaneous breakage of the glycosylic bond, and by the direct action of some DNA-damaging agents. AP endonucleases cleave the phosphodiester bond 5′ to an AP site or to the damaged sugar left by the lyase activities of DNA glycosylases, leaving a 3′ OH group that is the substrate for DNA Pol I. Exonuclease III (XthA) and endonuclease IV (Nfo) comprise >90% of the AP endonuclease activity in E. coli (reviewed in ref. 51 ). Based on previous reports (39, 52, 53), we expected a two-to 10-fold increase in the mutation rate in the xthA nfo double-mutant strain. Our results were on the lower end of this range: the BPS rate in the xthA nfo double-mutant strain was elevated 2.6-fold relative to the wild-type strain (t = 7.6, df = 22, P = 1 × 10 −7 ) (Fig. 3 and Table 1 ). As might be expected from the nonspecific activities of these enzymes, all classes of BPS were equally elevated by the loss of XthA and Nfo (Fig. 3 and Table 3 ). The rate of indels also was increased threefold (Table 5) , but because the actual number of indels was small (36 in the xthA nfo double-mutant strain and 24 in the wild type strain), this result may not be significant (t = 3.4, df = 2, P = 0.075). Overall, these results indicate that a low level of endogenous DNA damage resulting in base loss either spontaneously or from the action of glycosylases is a constant threat to genomic integrity.
Endonuclease V. Endogenous and exogenous nitrosating agents oxidatively deaminate A, C, and G, yielding the potentially mutagenic bases hypoxanthine, uracil, xanthine, and oxanine. Repair of these lesions can be initiated by enzymes of the uracil DNA glycosylase family, but a major pathway for the repair of oxidatively deaminated purine bases is initiated by endonuclease V (Nfi). Nfi recognizes the base and nicks the damage-bearing DNA strand; the damaged base then is removed via the exonuclease activity of Nfi or of DNA Pol I (reviewed in ref. 54) . In previous studies, loss of Nfi resulted in a twofold increase in the spontaneous mutation rate (55) . However, in our MA/WGS experiment the loss of Nfi increased the mutation rate by only 19% relative to the wild-type strain (Table 1) , an increase that may not be significant (t = 1.7, df = 19, P = 0.11), and had no effect on the spectrum of BPSs ( Fig. 3 and Table 3 ). These results suggest that under the conditions of our experiments endogenous nitrosating agents are not major contributors to spontaneous mutations. 8-oxoG mutagenesis. One of the most mutagenic DNA lesions produced by oxidation is 8-oxoG, which base pairs efficiently with A when in the syn instead of the normal anti orientation (56) . E. coli has three enzymes that prevent 8-oxoG mutagenesis: MutT, which hydrolyzes 8-oxodGTP, preventing its incorporation into the DNA; MutY, which removes As that are mispaired with 8-oxoG or G; and MutM, which removes 8-oxoG and formamidopyrimidine (Fapy) lesions from the DNA (reviewed in ref. 57 ). Loss of each of these three enzymes has distinct mutagenic consequences.
MutT. In the absence of MutT, 8-oxoG is incorporated efficiently into the DNA opposite template A; thus, the loss of MutT yields a high frequency of A:T to C:G transversions (58, 59) . The results of our MA/WGS experiment reproduce this old finding; A:T to C:G transversions occurred in the mutT mutant strain at a rate 900-fold greater than in the wild-type strain (t = 33, df = 23, P ∼ 0) (Fig. 4 and Table 3 ).
Because 8-oxoG inserted opposite template C could pair with A during the next round of replication, loss of MutT might be expected to increase the rate of G:C to T:A transversions. However, in confirmation of previous results (60), we found that the rate of G:C to T:A transversions was not increased in the mutT mutant strain (Table 3) , suggesting either that 8-oxoG is rarely inserted opposite template C or that the combined activities of MutY, MutM, and MMR are sufficient to prevent such mutations.
MutY. Loss of MutY results in G:C to T:A transversions because of the persistence of 8-oxoG:A and G:A mispairs (57) . As expected, in our MA/WGS experiment the mutY mutant strain had an 80-fold increase in G:C to T:A transversions relative to the wild-type strain (t = 19, df = 13, P ∼ 0) (Fig. 4 and Table 3 ). MutY has a fairly wide range of substrates: in addition to removing A mispaired with 8-oxoG and G, MutY can remove A mispaired with 8-oxoA or C (61). If A is the correct base in these mispairs, MutY activity will produce mutations instead of preventing them. Although previous studies have found that loss of MutY reduced the frequency of both A:T to C:G transversions (60) and A:T to G:C transitions (62), our data did not confirm these results (Table 3) .
MutY also can remove Gs paired with 8-oxoG, preventing G:C to C:G transversions (63) . However, in the MA/WGS experiment the rate of G:C to C:G transversions was elevated in the mutY Total  24  13  37  31  23  27  40  30  24  6  36  25  1  6  6  +1b p  6  6  6  5  6  1 1  9  5  4  2  1 4  8  0  2  1  −1 bp  16  7  27  25  16  15  29  22  18  4  20  16 Conditional mutation rates are the numbers of mutations per generation divided by the relevant parameter for each genome (not corrected for the few indels that did not occur at sites of the same base pair). The conditional mutation rates in runs are the number of indels that occurred in runs divided by the number of bases in runs in the genome (not corrected for the few indels that occurred in runs of more than one base pair). A run is two or more of the same base pair or repeats of a short base-pair sequence. bp, base pair; PFM2m, PFM2 on minimal glucose medium (all other experiments were done on LB medium). *Data are from ref. 5 ; two indels identified in ref. 13 and one mistaken call have been added (see SI Material and Methods).
mutant strain by only a nonsignificant 30% (t = 0.35, df = 3, P = 0.75) (but see below). This difference from the 100-fold increase in the frequency of G:C to C:G transversions found by Zhang et al. (63) probably is explained by the fact that their results were obtained in cells after prolonged incubation on selective medium.
MutM MutY. Although loss of MutM has been shown to increase mutation frequencies as much as 10-fold (64) , in preliminary experiments we failed to detect increases in mutation rates to resistance to rifampicin or to nalidixic acid in a mutM-deletion strain. Because loss of both MutM and MutY is synergistic for G:C to T:A transversions (57), we used a mutM mutY doubledeletion strain in our MA/WGS experiment. In confirmation of previous results, the rate of G:C to T:A transversions in the mutM mutY double-mutant strain was 800-fold higher than in the wild-type strain (t = 23, df = 22, P ∼ 0) and 10-fold higher than in the mutY mutant strain (t = 21, df = 31, P ∼ 0) (Fig. 4 and Table 3 ).
The rate of G:C to C:G transversions in the mutM mutY double-mutant strain was increased sevenfold relative to the wild-type strain (t = 4.2, df = 3, P = 0.02) and fivefold relative to the mutY mutant strain (t = 3.6, df = 2, P = 0.07) ( Table 3 ), suggesting that G:C to C:G mutations are caused by a substrate of MutM that persists in the absence of MutY. An obvious candidate is the 8-oxoG:G mispair, a substrate of both MutM (65) and MutY (66) , that, if uncorrected, could create a G:C to C:G transversion in the next round of replication. Alternatively, further oxidation products of 8-oxoG as well as other modified guanines are also MutM substrates (67, 68) and may be responsible for these mutations.
Sequence Context of 8-OxoG Mutagenesis. Our experiments revealed that the local sequence context strongly influences the frequency of mutations caused by 8-oxoG (Table S7 ). In the mutT mutant strain, 50% of the A:T to C:G mutations occurred in the sequence 5′ApA3′/3′TpT5′, although, based on the frequency of that dimer pair in the genome, the expected percentage was only 30%. In contrast, only 10% of the A:T to C:G mutations occurred in the context 5′ApC3′/3′TpG5′, although the expected percentage was 22%. There was an eightfold difference in mutagenic potential between the triplet that was most permissive, 5′GpApA3′/ 3′TpTpC5′, and the triplet that was most restrictive, 5′CpApC3′/ 3′GpTpG5′ (Table S7) . However, A:T to C:G transversions in the mutT mutant strain were not DNA-strand biased, occurring equally often with A templating the leading strand as with A templating the lagging strand (Table S3 ).
In both the mutY and mutM mutY mutant strains 45% of the G:C to T:A mutations occurred in the context 5′GpC3′/3′CpG5′, although the expected percentage was only 33% (Table S7 ). The context 5′GpT3′/3′CpA5′ was inhibitory; only 9% (mutY) and 5% (mutM mutY) of the G:C to T:A transversions occurred in this context, although the expected percentage was 22% (Table S7) . The most permissive triplet was 5′ApGpC3′/3′TpCpG5′, and the most stringent triplets were 5′TpGpT3′/3′ApCpA5′ (mutY) and 5′ApGpT3′/3′TpCpA5′ (mutM mutY), again accounting for an eightfold difference in mutagenic potential in the mutM mutY strain. In contrast to G:C to T:A transversions, G:C to C:G transversions in the mutM mutY mutant strain were biased by the 5′ base: of the 21 G:C to C:G transversions, 16 occurred in the context 5′GpG3′/3′CpC5′, although only five were expected (χ 2 = 12, P = 7 × 10
−4
). Interestingly, 5′GpG3′/3′CpC5′ was identified in an mutM mutant strain as a hotspot for G:C to C:G transversions induced by the oxidizing agent menadione (68) . G:C to T:A transversions in mutY and mutM mutY mutant strains were not strand biased (Table S3 ), but G:C to C:G transversions in the mutM mutY mutant strain were ∼ 30% more likely to occur with G templating the leading strand than with G templating the lagging strand (16/21 observed vs. 10/21 expected; χ 2 = 3.4, P = 0.06). The local sequence context could affect the probability of a base being damaged or repaired, of errors occurring during replication, of mismatches being corrected, and/or of polymerase extending DNA synthesis from a mismatched base pair. We briefly discuss the influence of sequence context on replication errors below; a more extensive discussion that includes other factors is given in SI Discussion.
In the mutT mutant strain A:T to C:G mutations occur when 8-oxoG is inserted opposite A in the template. Our results suggest that DNA polymerase makes this insertion most readily if it has just inserted a T opposite a template A and least readily if it has just inserted a G opposite a template C. A simple explanation for this bias is that the weaker T:A base pair permits the incoming 8-oxoG to approach in the syn orientation, allowing it to base pair with A (56), whereas the stronger G:C base pair inhibits this orientation. In the mutY and mutM mutY mutant strains, G:C to T:A transversions occur when A is inserted opposite 8-oxoG in the template. The mutational bias observed suggests that DNA polymerase is more likely to insert an A opposite 8-oxoG if it has just inserted a G opposite a template C than if it has just inserted an A opposite a template T. A simple explanation is that template 8-oxoG may be more likely to swing into the syn orientation, or to be stably maintained in that orientation, if the 3′ base pair is the strong C:G rather than the weak T:A. However, our data also indicate that base-stacking must play a role in potentiating or preventing mutations, because the 3′ base had little influence when it was the complement of those indicated above (Table S7) .
Comparison of the Results from MA/WGS Analyses and Previous
Studies. As mentioned above, the DNA repair pathways investigated in this report were chosen from published reports that their loss resulted in changes in spontaneous mutation rates or spectra. In general, with the exception of DNA repair activities dealing with oxidative damage, our results did not reproduce these previous findings. In retrospect, this result is not surprising. Most investigations of mutational processes have relied on reporter genes for mutational readout, and these reporter genes may not be representative of the genome as a whole. Indeed, reporter genes may enter into use because they are highly mutable or responsive to particular types of DNA damage. Although special sequences can reveal relatively rare but important mutational processes, such as hotspots, amplifications, complex multiple mutations, and aberrant recombination, such events at these loci may not contribute detectibly to the mutational load when the whole genome is the target. Thus, although the MA/WGS method may be blind to some mutational events, our results confirm previous conclusions (1) that the most significant threat to genomic integrity overall is DNA damage by reactive oxygen species.
Conclusions
Our studies of mutational accumulation in E. coli have resulted in the following four conclusions about the determinants of spontaneous mutation:
i) The rates and spectra of spontaneous mutations in three diverged commensal E. coli strains are nearly the same. The rate of BPSs is 2-3 × 10 −10 mutations per nucleotide per generation, and the rate of small indels (≤4 nt) is 1/10th of that. BPSs are dominated by G:C to A:T transitions, and the majority of indels occur in mononucleotide runs. ii) Several major pathways for repairing or tolerating DNA damage have little impact on spontaneous mutation under the conditions of our experiments. These pathways include translesion DNA synthesis, NER, TCR, and repair of alkylation damage. We conclude either that these pathways have not evolved to repair spontaneous DNA damage or that there are sufficient backup or redundant repair activities to compensate for the loss of any one pathway. However, the loss of the major AP endonucleases Xth and Nfo causes a modest two-to threefold increase in all types of mutations, possibly including small indels, suggesting that there is a low level of endogenous DNA damage that results in base loss either spontaneously or from the action of glycosylases. iii) Oxidative DNA damage is pervasive and highly mutagenic.
Loss of Nth and Nei, the glycosylases that remove oxidatively damaged pyrimidines, results in a 12-fold increase in G:C transitions. Loss of the enzymes MutT, MutY, and MutM, all involved in preventing mutations caused by oxidatively damaged purines, increases transversion mutations by nearly 1,000-fold. iv) Mutations are strongly biased by the local sequence context. This bias was evident in the wild-type bacteria, in which A:T transitions occurred in the context 5′ApC3′/3′TpG5′ twice as frequently as expected, in the nth nei mutant strain, in which G:C transitions occurred in the context 5′CpG3′/3′GpC5′ twice as frequently as expected, and in strains defective in preventing mutagenesis caused by 8-oxoG, in which 5′ApA3′/3′TpT5′ and 5′GpC3′/3′CpG5′ were favored for A:T to C:G and G:C to T:A transversions, respectively.
Materials and Methods
Bacterial Strains. The bacterial strains used in this study and their methods of construction are given in Table S8 . The oligonucleotides used to perform and confirm genetic manipulations are listed in Table S9 . Further details are given in SI Materials and Methods.
MA Procedure. MA lines originated from single colonies of a founder and were propagated through single-colony bottlenecks daily as described (5) .
Further details are given in SI Materials and Methods.
Estimation of Generations. The number of generations that each MA line experienced was estimated from colony size as previously described (5) . The mean of these values for each strain is reported in Table 1 and was used to calculate mutation rates. Further details are given in SI Materials and Methods.
Genomic DNA Purification, Library Construction, and WGS. Genomic DNA was purified using the PureLink Genomic DNA purification kit (Invitrogen Corp. Mutation Annotation. Variants were annotated using custom scripts. Proteincoding gene coordinates were obtained from the GenBank page of reference sequence NC_000913.2. BPSs in coding sequences were determined to be synonymous or nonsynonymous based on the genetic code. Nonsynonymous BPSs were designated conservative or nonconservative based on the Blosum62 matrix (69) with a value ≥0 considered conservative.
Monte Carlo Simulations. For each strain a random distribution of BPSs corresponding to the observed mutational spectra was simulated using a custom script; the number of mutations was fixed at the observed numbers, and 1,000 trials were simulated (5).
Statistical Analyses. Standard statistical analyses were used (70, 71) . Confidence limits (CLs) on the overall rates of BPS and indels were calculated from the mean and variance of the mutations per MA line for each strain. CLs for the different types of mutations were calculated from the mean and variance of 1,000 Monte Carlo simulations for each strain; P values based on these calculations are indicated in the text. Further details are given in SI Materials and Methods. 
